This paper examines and compares spectral measurements from a turbulent round jet and a turbulent boundary layer. The conjecture that is examined is that both flows consist of coherent structures immersed in a background of isotropic turbulence. In the case of the jet, a single size of coherent structure is considered, whereas in the boundary layer there are a range of sizes of geometrically similar structures. The conjecture is examined by comparing experimental measurements of spectra for the two flows with the spectra calculated using models based on simple vortex structures. The universality of the small scales is considered by comparing high-wavenumber experimental spectra. It is shown that these simple structural models give a good account of the turbulent flows.
Introduction
Measurements of spectra have been used as a tool for analysing fluid flows for many years now. They are particularly useful in periodic flows such as vortex shedding where peaks in the spectra can be identified with specific features of the flow. In fully turbulent shear flows the interpretation of spectra is more difficult. There is no question that the spectra contain important structural information but extracting this information is not straightforward. One reason is that a given wavenumber component does not necessarily reflect a particular structure (or 'eddy') in the flow. In fact a single structure can contribute energy across a wide range of wavenumber space. Also a given spectral signature does not uniquely reflect a given underlying structure in a flow.
In this paper a different approach to the interpretation of spectra is developed. In an effort to understand the structure of the flows we compare the experimental spectra with the spectra produced by random arrays of simple vortex structures. In this manner we are able to overcome some of the difficulties in the interpretation of spectra by comparing that of a known structure with that observed in the experiment. The aim is to examine to what extent the experimental results are consistent with an array of simple coherent structures. In particular the Reynolds shear-stress spectra (or cospectra) are examined. This component is useful since it does not contain contributions from locally isotropic motions that may be present at high wavenumbers.
One of the particular advantages of this work is that the measurements and the modelling have been conducted by the authors in very close collaboration. This means that the data collection and analysis is virtually identical for the two flows. It also means that the modelling is, as far as possible, very similar. As a result, it is possible to make meaningful comparisons between the two different flows. This is not always easy when dealing with published data produced by different researchers in different flows since there is always some uncertainty as to methods of analysis, measurement techniques and matching of appropriate parameters. The results highlight essential structural differences and similarities between the two flows. They also give some general guidance as to the interpretation of the experimental spectra. Some preliminary aspects of the work presented here were given in Marusic, Nickels & Perry (1994) .
The conclusions of this paper regarding the structure of these two flows are in many ways consistent with more traditional arguments based on dimensional analysis and discussions of active and inactive motions in boundary layers and the different effects of the wall on the different velocity components in the flow. We aim to flesh out these arguments by conducting detailed modelling of the flows. It is one thing, for example, to say there are a range of scales of attached eddies in a boundary layer that explain the measurements, it is another to actually show that a 'real' array of eddies can reproduce the trends in the experimental data. Modelling in this way also identifies important necessary features in the structure that are not specified by the more general approach.
Experimental apparatus and techniques
The apparatus used for the jet flow and the boundary layer measurements are described fully in the respective theses of Nickels (1993) and Marusic (1991) . Some details are also given in Nickels & Perry (1996) and . Only the essential details will be given here.
In the case of the jet the wind tunnel has a cross-section of 1220 × 890 mm with a maximum velocity of 3.5 m s −1 and a turbulence intensity of less than 0.6%. The jet issues from a 25.4 mm diameter circular nozzle aligned with the wind-tunnel centreline. The nozzle has a contraction ratio of 9 : 1 which gives a turbulence intensity of less than 0.5% at the outlet. The exterior of the nozzle has perforations which allow boundary layer suction to avoid separation of the flow on the outer surface and allow the control of initial conditions. Flow in the jet is produced by a centrifugal blower through honeycomb and a series of screens. The jet flow could be varied from 2 to 35 m s −1 which allowed velocity ratios from 20 to 3. The initial condition for the jet is close to a top-hat profile for all cases due to the external suction. Exact details may be found in Nickels & Perry (1996) .
In the case of the boundary layer the wind tunnel is of an open-return blower type. It consists of a contraction with area ratio 8.9 : 1 leading to the inlet of a 4.3 m long working section with a cross-section measuring 940 × 388 mm. The free-stream velocity at the inlet of the working section can be varied between 2 and 35 m s −1 , while the free-stream turbulence intensity is less than 0.3%. The working section consists of a smooth wall made from a polished acrylic laminate and a series of louvres (or bleeding vanes) which make up the roof. The working section is operated above atmospheric pressure and the streamwise pressure gradient is adjusted by controlling the location and amount of air leaving the working section through the louvres. For the data to be presented in this paper the streamwise pressure gradient was set to be nominally zero. Spanwise ×-wire surveys of the spanwise velocity component confirmed the flow to be nominally two-dimensional in the mean. The boundary layer is tripped at the beginning of the working section (x = 0) with a trip wire sized such that U 1 D/ν = 800 where U 1 is the free-stream velocity, D is the wire diameter and ν is the kinematic viscosity. This is based on the recommendation of Erm & Joubert (1991) for correctly tripped turbulent boundary layers.
All turbulence measurements in both flows were made with 90
• ×-wires constructed with 5 µm diameter platinum Wollaston wire, etched approximately to 1.0 mm. Constant-temperature hot-wire anemometers were used and operated at a resistance ratio of 2.0.
Power spectral densities were calculated from dynamically matched but uncalibrated ×-wire signals by using an FFT-algorithm. The analogue dynamic matching leads to two voltage outputs each of which is sensitive to only one velocity component. Tests here and in previous work suggested that there is no significant difference in the spectra taken with calibrated and uncalibrated probes. The signals were sampled at three different sampling rates to improve the frequency bandwidth of the spectrum at low frequencies and were low-pass filtered at less than half the digital sampling rate to avoid aliasing of the measured spectrum (using fourth-order Butterworth filters). A number of 'records' of data were taken and the spectra were ensemble-averaged. Typically 30 to 100 records were taken, and the spectra averaged, to form the final spectra files. The three resulting spectral files (resulting from the three sampling rates) were then joined to form a single spectral file by dropping points at the high end above 70% of the filter cut-off frequency (that would be attenuated) and points at the low end which were not well-resolved. The resulting file was then minimally smoothed with a simple three-point smoothing. To transform the spectral argument from frequency, f, to streamwise wavenumber, k 1 , Taylor's hypothesis of frozen turbulence was used, i.e. k 1 = 2πf/U c , where U c is some local convection velocity assumed (in this case) to be equal to the local mean velocity of the flow at the point of interest. The spectra were normalized so that
where u i u j is the appropriate component of the Reynolds stress tensor and φ ij is the corresponding one-dimensional power spectral density. It should be noted that, with this convention, repeated subscripts do not denote a summation. In addition, it is important to note that by definition φ ij (k 1 l) represents the power spectral density per unit non-dimensional wavenumber k 1 l; which implies
where l is some length scale of interest. In this paper the co-ordinate convention is such that the streamwise (x) fluctuating velocity is u 1 and the cross-stream (wall-normal, z, for boundary layers and radial, r, for jets) component is u 3 . In order to determine the Kolmogorov length and velocity scales (used in the latter part of the paper) an estimate of the dissipation rate is required. Here the isotropic assumption is used with Taylor's hypothesis, giving = 15ν (respectively) by
(2.4) and υ = (ν ) 1/4 . (2.5) Another reference parameter that is useful when considering the high-wavenumber spectra is the Taylor microscale Reynolds number. Whilst the physical interpretation of this parameter is problematic in turbulent shear flows, it is commonly used in discussions of isotropic turbulence, and hence provides some point of reference for comparison. In this paper it is calculated using the isotropic assumption which gives the Taylor microscale as 6) and the Reynolds number
3. Results and discussion 3.1. Reynolds shear-stress spectra Before discussing the differences in structure of the two flows it is important to have a basis for comparison. It is necessary to define an appropriate Reynolds number and also to define an appropriate shear layer thickness so that different cross-stream positions through the layer may be compared. In boundary layer work a useful Reynolds number is the Kármán number K τ = δ c U τ /ν where δ c is the boundary layer thickness and U τ is wall shear velocity. The boundary layer thickness is determined by the method given in Perry & Li (1990) and relies on least-squares-error fitting a functional form to the mean velocity profile. For jets an equivalent Reynolds number based on local conditions can be defined as R ∆ = ∆U o /ν where U o is the local velocity excess (i.e. velocity on centreline minus external velocity) and ∆ is the standard deviation of the mean velocity profile. These definitions are based on measurements of the mean flow. In order to compare different cross-stream positions, a relationship between δ c and ∆ needs to be established. If we consider the edge of the turbulent zone to be the point where the Reynolds shear stress has fallen to zero (or some small value) and call this δ SS then δ c /δ SS ≈ 1 and δ SS /∆ ≈ 3. Wherever possible, positions with similar z/δ SS and r/δ SS have been shown (although legends in the figures give r/∆ and z/δ c values in all cases). Unfortunately, an equivalent factor relating U o and U τ is unknown and hence it is not possible to directly relate the Reynolds numbers between the two flows. This does not seriously affect any of the conclusions drawn in the paper. When comparing the high-wavenumber spectra we use the Taylor microscale Reynolds number. Since not all researchers make use of the Kármán number we have included table 1 that shows the values of momentum thickness Reynolds number (R θ ) that correspond to the Kármán numbers presented. In order to examine the effect of changes of Reynolds number on the wavenumber extent of the Reynolds shear-stress spectra (φ 13 ), figure 1 shows the premultiplied Reynolds shear-stress spectra for several Reynolds number cases for each flow at a fixed cross-stream position. Since we are only interested in the wavenumber extent, or bandwidth, of the spectra they have been divided by their maximum values. Hence we can see the change of shape without regard to the actual magnitudes.
It can be seen that the bandwidth does not seem to change significantly for either the jet or the boundary layer flow. This suggests that the large-scale structures contributing to the Reynolds shear stress may be considered to be essentially inviscid.
Figure 2(a) shows the change in the bandwidth of the Reynolds shear-stress spectra at a fixed Reynolds number for varying cross-stream positions. It may be seen that as the wall is approached the bandwidth increases for the boundary layer flow but remains substantially unchanged for the jet flow. This suggests that, as the wall is approached, the range of scales which contribute to the Reynolds shear stress increases for the boundary layer. In particular the contribution from higher wavenumbers increases. Conversely as the measurement position moves further from the wall the bandwidth for the boundary layer decreases and it is interesting to compare the spectra in the outer part with the jet. This is shown in figure 3. It may be noted that the bandwidth of the spectrum is very similar to that of the jet. In fact the form of the two is so similar it is difficult to differentiate between them. This suggests that the structure of the outer part of the turbulent boundary layer (for the Reynolds-stress-producing motions) is quite similar to that of the turbulent jet. It should be noted of course that signs of the vorticity in the two cases are different.
The physical models
It is important to emphasize the objective of the models before proceeding: it is to examine to what extent a random array of simple inviscid vortex structures can reproduce the trends observed in the measured spectra. Comparison of these simple models with experiments helps us to identify the essential features of the underlying structure necessary to reproduce the important experimental observations. Two related vortex models are used to examine and explain the trends in the measurements. Mathematical descriptions of the models for the boundary layer and jet are given in detail by and Nickels & Perry (1996) respectively. They have the same underlying basis but differ in some important details. The basis of the models is that a given turbulent flow can be kinematically modelled by a series of geometrically similar vortex structures or 'typical eddies' arranged randomly in space. In both models the typical structures are constructed from a number of joined, straight vortex rods: this speeds up and simplifies calculations. These rods have a Gaussian distribution of vorticity within their cores to avoid singularities in the velocity field. The velocity field produced by one such structure can be calculated by applying the Biot-Savart integral over a region of space. The spectral signatures of the eddies can then be calculated and ensemble-averaged in order to account for a random array of geometrically similar but uncorrelated eddies. Doing this is equivalent to using Campbell's theorem (see Papoulis 1965) for uniform-density shot-noise distributions.
In the boundary layer the eddies are considered to be randomly arranged on a plane and in the (axisymmetric) jet they are randomly arranged around the surface of a cylinder.
Using convolution integrals it is then possible to account for a random spatial 'jitter' of the structures (as in the jet) and a distribution of geometrically similar eddies of different sizes and population densities (as in the boundary layer).
It is in this latter part that the two approaches differ. In the jet model there is Figure 3 . Spectrum from the outer part of the turbulent boundary layer compared to the spectrum from a typical level of the jet. Boundary layer profile corresponds to z/δ c = 0.93 and jet to r/∆ = 1.5. a random array of one typical eddy of one size to which spatial jitter is applied. The spatial jitter is essentially a random displacement of the structure about a mean position relative to the jet centreline. The random displacement is confined to a cross-stream plane (i.e. x = constant): there is no jitter in the streamwise direction. If we consider a Cartesian coordinate system then the eddy has a mean position in the (y, z)-cross-stream plane and then has a random displacement in both directions based on a Gaussian distribution. The variance of this displacement is the same in both the y-and z-directions and hence is specified by one parameter. It is dealt with by a convolution integral. The effect is to average nearby spectral signatures, creating smoother spectral curves. This jitter can be physically, and quantitatively, related to the intermittency of the outer region of the jet. Conceptually, the mean position of the eddy is related to the mean position of the turbulent/non-turbulent interface and the amount of jitter is related to the variance of the interface about this mean position. In this conceptual framework it is the movements of the large 'typical eddies' (within the background fine-scale turbulence) that lead to the distortions of the interface. The values for mean position of the eddies and the amount of jitter are made consistent with measurements of the turbulent/non-turbulent interface in jets (see Nickels & Perry 1996) .
Boundary layer Jet
In the case of the boundary layer a range of sizes of geometrically similar eddies is considered, with different sizes of eddies having different population densities which are distributed approximately as an inverse-power-law PDF with the eddy size, i.e. the number of small eddies is much larger than the number of large eddies. The structure of these models is partly inspired by various observations of the structure of the two flows and, in the case of the boundary layer, the ideas of Townsend (1976) as developed by Perry & Chong (1982) . In the attached eddy model two types of representative structures are used. The first is a wall structure where the vortices are hairpin-shaped and extend to the wall, and the second is a wake structure where the vortices do not extend down to the wall but undulate in the cross-stream direction. The two components are assumed to be statistically uncorrelated and hence the contributions from each can be linearly added. In this way, the formulation provides a physical basis for the Coles (1956) law of the wall and law of the wake which has proven to be a reliable description of the mean velocity Eddy spectra Figure 4 . Procedure for calculating spectra from models.
profile for flows in a great range of pressure gradients. The wake structures are distributed with a PDF such that the overall result is similar to a single scale of wake eddy. This approach has been used since it is similar to that used for wall-attached eddies and so is a convenient technique for their inclusion. However, considering the similarity of the outer-flow co-spectra shown in figure 3, together with the success of the spatial jitter in the jet and its conceptual (and quantitative) link to intermittency, it would seem that using a jittered single-length-scale eddy may be a more appropriate way to deal with the wake structure. This avenue is being investigated by the authors. In any case, in zero-pressure-gradient flows such as the ones considered here, the wake component is small and the hairpin-type (wall) structure is dominant, except for the outermost region of the boundary layer.
The models produce results for the spectral components, the Reynolds shear stresses (via integration of the spectra) and the mean flow. Figure 4 is a block diagram outlining the overall calculation procedure.
These models then represent essentially different structures for the two flows. In the jet a single scale of typical eddy determines the spectra whereas in the boundary layer a range of scales of similar eddies is responsible for the measured spectra. Figure 5 shows cartoons of the structures of both flows. In the case of the boundary layer structure only hairpin-type wall structures are shown since these dominate the zero-pressure-gradient flow. The diagrams are, of course, simply sketches of the basic structure: in reality the flow is more complex due to the random positioning of the eddies and distortions of the basic structure. It is important to realise that the similar eddies shown are 'typical' (representative) eddies and hence do not necessarily correspond with any one individual eddy that occurs in the flow. They can be thought of as a statistically averaged eddy shape that captures the essential common features of most of the structures occurring in the real case. The basic shapes are inspired by various experimental observations of the flows.
3.3. Free parameters in the models As with any model there are some free parameters available in these two models. Before detailing these parameters it should be stressed that, at this stage, the models are not meant to be predictive. The question we are addressing is 'Is it possible to reproduce experimental trends using an array of simple, geometrically similar, coherent vortex structures'. The answer to this question is not obvious, particularly as we require the models to produce the correct trends for the mean velocity, all components of the Reynolds stress and the spectra. In this paper we are particularly concerned with the spectra but the eddies used also must satisfy the other constraints. We also wish to show how the construction of these models leads to conclusions about the structural differences between the two flows.
The eddy shapes used are shown in figure 6 . In the case of the jet there are five vortex rods joined to form a symmetrical structure. In order to specify this structure we need three triplets in three-dimensional space to denote the positions at which the rods join. In the case of the boundary layer we require only two. Only the 'type-A' wall-structure vortices are shown. Type-B wake eddies are similarly very simple vortices made up of an ensemble of 'V'-and 'Λ'-shaped eddies which do not extend below z/δ = 0.5. As mentioned earlier, type-B eddies have a significant role in adverse-pressure-gradient boundary layers but only a minor role in the zero-pressure-gradient boundary layer considered here. The choice of the constants for the eddy shapes in figure 6 is constrained by the requirements that the mean flow, the spectra and the four significant components of the Reynolds stresses are comparable with the real flow. In addition the shapes are chosen so as to be consistent with observations of structures in both flows. It is important to note that the results presented are not strongly sensitive to the choice of eddy shape.
The real strength of this approach is that the eddies provide a direct and physical link between the mean flow, the Reynolds stresses and the spectra. Apart from eddy shape details, the only remaining parameters are the distribution of eddies in the case of the jet, and the population density and weighting applied for different scales of eddies for the boundary layer. In the case of the jet this corresponds to a 'jitter' parameter which involves a random displacement of the eddy from its mean position. The value of this parameter was chosen to be consistent with the displacement of the interface found from intermittency measurements and is hence constrained. In the case of the boundary layer the weighting functions are determined uniquely from the mean velocity flow field and the equations of motion. The procedure involves using the mean momentum and continuity equations to solve for the Reynolds shear stress which yields the weighing functions from a deconvolution calculation. No further parameters are available for adjustment.
If all of these parameters were simply arbitrary constants in a turbulence model then it would seem possible to fit any set of results. In these models the choices are quite seriously constrained by the physics of the vortex structures and the requirement of having a simple, plausible coherent structure. The constants are also not independent since changing the eddy shape affects all of the results in a nonlinear fashion.
Vortex model results
The results for the Reynolds shear-stress spectra from the models are shown in figure 2(b) . It may be seen that there is good qualitative agreement with the experimental behaviour shown in figure 2(a). The candidate eddy shapes used are those shown in figure 6 , that is, the same as were used in and Nickels & Perry (1996) . Further refinement of the eddy shape would improve the quantitative agreement with experiment but this is not the objective of the present study. In any case, these results give further support to the basis for the structure of the models, namely: with a decrease in z/δ c in the boundary layer, the bandwidth in k 1 φ 13 (k 1 ) increases whereas for the jet the bandwidth remains essentially constant as r/∆ is decreased. The reason for the increase in bandwidth for the boundary layer as the wall is approached may be understood by referring to the 'cartoon' of the flow. A probe at a given distance from the wall will only be significantly influenced by eddies the same size as or larger than this distance. As the wall is approached the probe experiences contributions from more eddies -in particular smaller eddies -leading to an increase in the energy at high wavenumbers. It should be noted that the smallest size of eddy is determined by the viscous length scale, ν/U τ (following Kline et al. 1967) , and hence there will be a limit as the wall is approached beyond which there will be no further increase in bandwidth. In the jet there is only one basic scale of coherent structure across the whole width and hence the bandwidth does not change significantly with radial position (though the detailed shape of the spectral signature may change). One possible explanation for the difference in the range of scales in the two flows is that the vorticity in the jet is generated only at the nozzle, whereas in the boundary layer new vorticity can be continually generated at the wall as the flow develops.
Streamwise spectra
The structure of the flows is also reflected in the streamwise spectra. One reason for concentrating on the Reynolds shear-stress spectra is that this component has no contribution from fine-scale locally isotropic motions. Here we are most interested in the large-scale coherent motions. It is, nevertheless, instructive to examine the changes in the streamwise spectra. Figure 7 shows the streamwise spectra for both flows cases at different Reynolds numbers; also shown on the same plots are the Reynolds shear-stress spectra for these cases. The important feature to notice is that the streamwise spectra show an increase in energy at the high-wavenumber end with the increased Reynolds number. This does not occur in the Reynolds shear stress spectra. This observation is consistent with the idea of large-scale motions in the flow contributing to the Reynolds shear stress combined with finer-scale, locally isotropic motions that contribute to the other components. These motions are considered in the next section. It should be noted that these motions are not included in either of the models.
To summarize the major difference between the jet and boundary layer streamwise spectra, a schematic comparison is shown in figure 8 . The main point is that for the jet, the spectrum consists of the component from a single scale of coherent structure plus the high-wavenumber contribution from the fine-scale locally isotropic motions. The boundary layer consists of a sum of contributions from different size coherent motions and the contribution from the fine-scale locally isotropic motions. The contribution from the locally isotropic motions is shown as the hatched region on the diagrams.
Also shown in figure 8 is the approximate range of wavelengths (Λ = 2π/k 1 ) which are involved. The quantitative values given are based on the experimental data. As an example, figure 9 shows the streamwise spectra profiles across the boundary layer for K τ = 4412. It is seen that peak streamwise turbulence intensity contributions come from large streamwise wavelengths corresponding to approximately k 1 δ c = 1 for positions within the logarithmic region of the flow (defined tentatively as z + > 100; z/δ c < 0.2).
Kolmogorov and other high-wavenumber contributions Logarithmic region
Boundary of attached eddy contributions The above observations of long streamwise energetic contributions relate directly to recent studies by Adrian, Meinhart & Tomkins (2000) , Zhou et al. (1999) and Kim & Adrian (1999) , who have proposed that boundary layer hairpin vortices most commonly appear in spatially correlated packets or trains of vortices, which can extend over many boundary layer thicknesses in length. No attempt has been made to incorporate these concepts in the attached eddy model presented here, as the outcome would not alter the qualitative trends being proposed. This aspect of the attached eddy modelling work will be considered in Marusic (2001) .
Another notable issue concerning the streamwise spectra and co-spectra in boundary layers is whether or not a −1 power-law exists. Perry, Henbest & Chong (1986) argued using the attached eddy hypothesis of Townsend (1976) , that the streamwise spectra will have a −1-law at the main energy-containing wavenumbers for positions in the layer where the logarithmic law of the wall holds. This would show up as a plateau region in the premultiplied spectra. Using the same theoretical arguments as Perry et al. (1986) leads one to conclude that streamwise and spanwise spectra will show a −1 power law, but not the wall-normal spectra or co-spectra. Calculations using the attached eddy model have confirmed this. Results for co-spectra are shown in figure 2. Results for streamwise spectra were shown in . The calculations also indicate that very high Reynolds numbers (far beyond the present experiments) are needed to show a convincing −1-law for φ 11 . This is consistent with the experimental data in figure 9 where only weak evidence of a plateau region is observed for positions within the logarithmic layer.
Local isotropy and Kolmogorov scaling
In order to examine the universality of the fine scales in the two flows, spectra were measured and compared. If the high wavenumbers are universal then it would be expected that the spectra from all flows should collapse when non-dimensionalized with the Kolmogorov length and velocity scales. Figure 10 shows a range of typical streamwise spectra from the two different flows scaled with this Kolmogorov scaling. It may be seen that all profiles shown from both flows seem to collapse onto a single curve in the high-wavenumber region. There is however some peel-off from this universal form at the highest wavenumbers which is probably due to the limit of the spatial resolution of the hot-wire sensor. This explanation for the peel-off is supported by the fact that the spectra peel off at values of k 1 η that correspond to k 1 = 1 where is the length of the hot-wire sensor. The limited length of the sensor acts as a spatial filter which attenuates all scales smaller than (i.e. k 1 > 1).
Figure 10 (b) shows the same streamwise spectra premultiplied by (k 1 η) 5/3 . On this plot a −5/3 power-law in the spectrum appears as a plateau. The diagram shows a short region which appears to be of −5/3 power-law form. It is also possible from this plot to estimate the Kolmogorov constant for the one-dimensional spectrum (K o where
Here it appears to be approximately 0.5 < K o < 0.6 which is close to the value found in various other flows. Sreenivasan (1995) suggests a value of K o = 0.5 ± 0.05, based on a compilation of existing data.
The arguments of Kolmogorov also suggest that the universal form for the spectra should correspond to a region of local isotropy. Since we have shown that the streamwise spectra appear to be universal it is worthwhile examining the existence of local isotropy in the flows. There is no definitive way to check for local isotropy experimentally but there are a number of options. Here we have chosen one of the simplest. We will examine the Reynolds shear-stress correlation coefficient defined as
Since there can be no shear-stress component in isotropic turbulence then R 13 should go to zero if the flow becomes locally isotropic. Figure 11 shows the premultiplied spectra and the corresponding plot of R 13 taken at a single value of R λ (Taylor microscale Reynolds number) for both flows. Two points are worth noting. First, the plateaus occur, not where R 13 is zero, but in the region where it is falling toward zero. This is consistent with the findings of Saddoughi & Veeravalli (1994) who examined a very high-Reynolds-number boundary layer flow. It should be pointed out that it is strictly possible that the fine scales may be locally isotropic even in a region where R 13 is non-zero since large scales can contribute to the shear-stress spectrum at the high-wavenumber end. This is due to the fact that if the velocity signature of an eddy is not simply sinusoidal it will contribute some energy to the spectra across a range of frequencies. Hence the small scales in the flow may in fact be locally isotropic in the region of the −5/3-law behaviour. The results from the jet model illustrate this point very well. In the model there is only one size of simple vortex structure but the Reynolds shear-stress spectrum has significant values over a range of wavenumbers. Figure 12 shows profiles of R 13 for the two flow cases for similar Reynolds numbers and similar cross-stream positions. It can be seen that the behaviour is quite different. In particular it would seem that R 13 goes to zero much earlier in the jet case than in the boundary layer case. This suggests that the eddies which contribute to the Reynolds shear stress extend to higher wavenumber in the boundary layer, which is consistent with the trend illustrated in figure 8 . These results clearly illustrate the way in which the anisotropic large-scale eddies contribute to the Reynolds shear-stress correlation coefficient. Whilst this explanation for the non-zero R 13 has been put forward before, the models demonstrate clearly way in which the large scales contribute to the spectra at the higher wavenumbers.
3.7. Some comments on simulation of these flows It is worth noting the possible implications of these results for simulation schemes for the two flows. The first point to note is that it would appear that the structure of both flows is that of large coherent vortex structures immersed in a background of fine-scale locally isotropic motions. In the case of the jet the large-scale structures seem to be of one basic size separated significantly in scale from the locally isotropic motions. This case would then seem to be ideal for schemes such as LES (large eddy simulation) since the flow has an essentially two-part structure. LES involves solving the spatially filtered Navier-Stokes and continuity equations and mathematically modelling the unresolved subgrid scales. However, the problem is not straightforward because as was shown in the numerical calculations in figure 2(b) , the large coherent structure makes a significant contributions even at moderately high wavenumbers. Invariably in the case of LES part of this contribution will be above a preset spectral cut-off wavenumber corresponding to the filter width. In the case of the boundary layer, the problem is further complicated by the large range of scales which will be present. With this in mind, it is clear that LES sub-grid-scale models need to not only account for the universal isotropic eddy contributions but also the high-wavenumber signatures from the large-scale non-isotropic coherent structures. The above observations suggest that it is worth pursuing alternative schemes based on approaches which can more explicitly separate locally isotropic and nonisotropic vortex structure contributions. This includes schemes which expand the velocity or vorticity fields in a set of orthonormal basis functions and then truncate the summation to retain the large-scale field. Present techniques do this also but use trigonometric terms for the basis functions. More promising basis functions include wavelets (Meneveau 1991; Dunn & Morrison 2000) and proper orthogonal decomposition eigenfunctions (Berkooz, Holmes & Lumley 1993; Holmes, Lumley & 384 T. B. Nickels and I. Marusic Berkooz 1996) . Ideally, basis functions derived directly from the coherent structures are required. Farge, Schneider & Kevlahan (1999) have proposed a coherent structure based approach for two-dimensional flows which is in some respects similar to that proposed here.
Conclusions
Comparisons of spectra measured in jets and boundary layers have illustrated the difference in structure between the two flows. The Reynolds shear stress in the jet appears to be produced in a very narrow wavenumber range, whereas in the boundary layer the range is much larger. These measurements are consistent with simple coherent structure models developed by the authors. In these models the jet consists of an array of coherent structures of essentially one scale immersed in a background of fine-scale turbulence, whereas the boundary layer consists of a range of scales of similar coherent structures (also immersed in fine-scale background turbulence). It appears that the fine-scale motions are universal and locally isotropic and scale with the Kolmogorov length and velocity scales. These models present a simple physical description of the flows that provides a framework for further experimental and numerical studies.
